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C BY-NC-Abstract The redox behavior of Cd(II) and the interaction of Cd(II) with cyclic amino acid, pro-
line, have been studied in 0.1 M KCl, 0.1 M NaClO4 and acetate buffer of different pH. The CVs
were recorded at glassy carbon electrode within the potential window 200 and 1500 mV. The ref-
erence and counter electrode used were Ag/AgCl and Pt wire, respectively. The cyclic voltammo-
grams show one pair of cathodic and anodic peaks for the Cd(II)/Cd(0) system indicating the
involvement of two electron transfer processes. The peak potential shift and charge transfer rate
constant (kf) values strongly support the interaction between metal and ligand. The higher value
of peak current ratio and peak potential separation (DE) indicate that the systems are quasirevers-
ible. The effect of supporting electrolyte and concentration of electro active species on the interac-
tion were also studied.
ª 2011 King Saud University. Production and hosting by Elsevier B.V.Open access under CC BY-NC-ND license.1. Introduction
Cadmium is a naturally occurring minor element and is one of
the metallic components in the earth’s crust and oceans. It is
present everywhere in our environment including air, water,
soils and foodstuffs. Cadmium is known to produce toxic effects161920.
com, mdqehsan@gmail.com
y. Production and hosting by
Saud University.
lsevier
ND license.on human. The toxic nature of cadmium was revealed in the
early 1900s as a result of workers inhaling cadmium fumes or
dusts in ore processing and manufacturing operations. Cad-
mium is transported in blood bound to red blood cells or to albu-
min or other high molecular mass proteins in blood plasma.
Acute pulmonary symptoms of cadmium exposure are usually
caused by the inhalation of cadmium oxide, dusts and fumes,
which result in cadmium pneumonitis, characterized by edema
and pulmonary epithelium necrosis. Chronic exposure some-
times produces emphysema severe enough to be disabling. The
kidney is generally regarded as the organ most sensitive to
chronic cadmium poisoning. Chronic toxic effects of cadmium
exposuremay also include damage to the skeletal system, hyper-
tension and adverse cardiovascular effects. Cadmium is re-
garded as a human carcinogen, causing lung tumors and
possibly cancer of the prostate (Stanley and Manahan, 2003).
Therefore a basic knowledge about its redox behavior in the
presence of ligand at different pH values is very important.
The ligand used in the present study is proline.
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Figure 1 Cyclic voltammograms of 2 mM CdCl2 in 0.1 M KCl
(red) and electrolyte 0.1 M KCl (blue) at 100 mVs1.
Potential (E/V vs Ag/AgCl)
-1.5-1.0-0.50.0
Cu
rre
nt
 (m
A)
-0.6
-0.4
-0.2
0.0
0.2
Figure 2 Cyclic voltammograms of 2 mM CdCl2 in 0.1 M KCl
at 250 (red), 200 (black),100 (blue) and 50 (green) mVs1.
146 Md. Mahmudul Hasan et al.Proline plays an important role to perform some speciﬁc
physiological functions and regulation of metabolic processes,
which are vital to life. The most vital function of L-proline is
the development and protection of skin and connective tissues.
L-Proline produces a type of protein called collagen which
plays a major role in wound healing. The ligand proline is a
heterocyclic amino acid, it has three coordination sites, one
nitrogen atom and two oxygen atoms.
Cyclic voltammetric technique has been chosen for this pre-
sent study because of its effectiveness in investigating the redox
behavior of electro active species. The cyclic voltammetric
study of different metal ions in the presence of ligand has beenTable 1 Current-potential data, peak potential separation, peak cur
different scan rates.
m (V s1) m1/2 Epa() (V) Epc() (V) ipa(
0.050 0.2236 0.5740 0.7925 0.22
0.100 0.3162 0.5598 0.8542 0.33
0.200 0.4472 0.5503 0.8589 0.40
0.250 0.5000 0.5503 0.8732 0.41
m= scan rate, m1/2 = SQRT of scan rate, Epc = cathodic peak potentia
anodic peak current, DEp = peak potential separation, ipa/ipc = peak cuexamined in our laboratory and reported in detail (Rahman et
al., 2007; Naseem Akhter et al., 2008; Shaikh et al., 2005, 2006;
Ismat-Ara et al., 2003). Other works in this ﬁeld and specially
about the cyclic voltammetric studies on metal-proline system
are also reported (Wang and Liu, 1986; Razmi and Heidari,
2005; Haghighi et al., 2009; Correio et al., 1994; Geetha and
Thirumaran, 2008; Zhao et al., 2006). In the present study,
we investigated the redox behavior of toxic metal ion Cd(II)
and its interaction with proline in aqueous medium.2. Experimental
2.1. Chemicals
The chemicals used in the present experiment were, (i) Cad-
mium Chloride (UNI-CHEM, China), (ii) Proline (Aldrich
Chem. Co., USA), (iii) Potassium Chloride (MERCK,
Germany), (iv) Sodium perchlorate monohydrate (MERCK,
Germany), (v) Sodium acetate (MERCK, Germany), (vi)
Acetic acid (Sigma-Aldrich Laborchemikaline, GmbH), (vii)
99.997% nitrogen (BOC, Bangladesh).
2.2. Equipments
This study was carried out using (i) Epsilon Electroanalyser
developed by Bioanalytical System, Inc. USA, (ii) An AGE
(Velp Scientiﬁca) magnetic stirrer with Teﬂon coated magnetic
bar, (iii) A pH meter (ORION 2 STAR made by Thermo Elec-
tron Corporation), (iv) A three electrode electrochemical cell
(Pyrex glass with Teﬂon cap).
The electrodes used were,Working electrode: Glassy carbon
solid disk electrode. Reference electrode: Ag/AgCl (standard
KCl) electrode. Counter electrode: Pt wire.3. Results and discussion
The redox behaviors of Cd(II), in the absence and presence of
proline have been investigated using cyclic voltammetry in dif-
ferent supporting electrolytes.
3.1. Redox behavior of Cd(II) in 0.1 M KCl
The redox behavior of Cd(II) was studied in 0.1 M KCl at
room temperature within the potential window of 200 to
1500 mV at glassy carbon electrode. Cyclic voltammogram
of Cd(II)/Cd(0) system (Fig. 1) shows one pair of cathodic
and anodic peaks at potentials 854.2 and 559.8 mV,
respectively. The peaks result may be due to the following
charge transfer processes,rent ratio of the voltammogram of 2 mM CdCl2 in 0.1 M KCl at
) (mA) ipc(+) (mA) DE= Epc  Epa (V) ipa/ipc
2 0.0531 0.2185 4.1808
6 0.0546 0.2944 6.1538
4 0.0750 0.3086 5.3867
9 0.0801 0.3229 5.2310
l, Epa = anodic peak potential, ipc = cathodic peak current, ipa =
rrent ratio.
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Figure 4 Variation of peak current against SQRT of scan rate
for the voltammogram of 2 mM CdCl2.
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Figure 3 Variation of peak potential separation against scan rate
for the voltammogram of 2 mM CdCl2.
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Figure 5 Plot of log i vs. log m for the voltammogram of 1 mM
CdCl2.
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Figure 6 CVs of 1 mM CdCl2 in acetate buffer of pH 4.05 (red) ,
4.71(blue) , 5.45 (black) and 5.19 (green) at 200 mVs1.
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Figure 7 Variation of anodic peak current with pH for the
voltammogram of 1 mM CdCl2 in acetate buffer.3.2. Scan rate effect
A series of cyclic voltammograms at different scan rates are
shown in Fig. 2. The current-potential data, peak potential
separation, peak current ratio of the voltammograms at differ-
ent scan rates are recorded in Table 1.
For the cathodic peaks, the peak potentials are gradually
increased and for the anodic peaks, the peak potentials are
gradually decreased as the scan rate increased. A plot of DEp
vs. scan rate shown in Fig. 3 reveals that with increasing scan
rate, the peak potential separation increases because the catho-
dic peak shifts toward negative potential and that of anodic to-
ward positive potential. This may be due to slow electron
transfer kinetics or ohmic potential (iR) drop (Zhang, 1972;
Shaikh et al., 2006).
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148 Md. Mahmudul Hasan et al.Fig. 4 indicates that the peak currents for both cathodic and
anodic peaks increase almost linearly with SQRT of scan rate,
which demonstrates that the process is adsorptive controlled.
The dependence of the peak currents on scan rates is also
indicative of the combination of diffusion and surface control
of the redox system, where the peak currents for desorbed and
adsorbed species are proportional to m1/2 and m, respectively
(Bard and Faulkner, 1980; Shaikh et al., 2006).
A plot of log i vs. log v (Fig. 5) is linear indicating that the
process is diffusion controlled (Shaikh et al., 2006; Mascus
et al., 1996; Nicolson and Shain, 1964). The peak current is
controlled by both charge transfer and mass transport (Wang,
2000). The peak current ratio is found to be much greater than
unity, which implies the system to be quasireversible (Bard and
Faulkner, 1980; Brett and Oliveira Brett, 1998).
3.3. pH effect
The pH effect was investigated by taking the voltammograms
of CdCl2 in acetate buffer of pH 4.05, 4.71, 5.19 and 5.45 at
200 mV s1. The voltammograms are compared in Fig. 6.
The variation of anodic peak current with pH is shown in
Fig. 7.
More or less comparable voltammograms at pH 4.71, 5.19
and 5.45 indicates that pH in the range 4.71–5.45 has no appre-Potential (E/V vs Ag/AgCl)
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Figure 8 CVs of 2 mM CdCl2 in 0.1 M KCl (red), 0.1 M NaClO4
(blue), and acetate buffer of pH 4.05 (green) at 250 mVs1.
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Figure 9 Cyclic voltammograms of 3 (red), 2 (blue) and 1(green)
mM CdCl2.
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Figure 11 CVs of 1 mM CdCl2 (red), 1 mMCdCl2 in presence of
1 mM proline (blue) and 1mM proline (green) in 0.1 M KCl at
200 mVs1.ciable effect on the redox behavior. At pH 4.05 the cathodic
peak shift toward right and anodic peak shift toward left mak-
ing redox process more irreversible compared to those at other
pH.Potential (E/V vs Ag/AgCl)
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Figure 12 CVs of 1 mM CdCl2 in presence of 1 mM proline in
0.1 M KCl at 300 (red), 200 (blue), 100 (green) and 50 (black)
mVs1.
Table 2 Current-potential data, peak potential separation, peak current ratio of the voltammograms of CdCl2 in presence of proline
in 0.1 M KCl.
m (V s1) m1/2 Epa() (V) Epc() (V) ipa() (mA) ipc(+) (mA) DE= Epc  Epa (V) ipa/ipc
0.300 0.5477 0.5028 0.8257 0.170 0.0234 0.3229 7.2650
0.200 0.4472 0.5028 0.8067 0.146 0.0200 0.3039 7.3000
0.100 0.3162 0.5075 0.7355 0.118 0.0182 0.2280 6.4835
0.050 0.2236 0.5408 0.7307 0.078 0.0118 0.1899 6.6102
m= scan rate, m1/2 = SQRT of scan rate, Epc = cathodic peak potential, Epa = anodic peak potential, ipc = cathodic peak current, ipa = a-
nodic peak current, DEp = peak potential separation, ipa/ipc = peak current ratio.
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Figure 13 Variation of peak potential separation with scan rate
for coordinated Cd(II).
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Figure 14 Variation of peak current with SQRT of scan rate for
coordinated Cd(II).
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Figure 15 Plot of log i vs. log m for the voltammogram of 1 mM
CdCl2 in presence of 1 mM proline.
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Figure 16 CVs of 1 mM Cd (II) in presence of 1 mM proline in
acetate buffer of pH 4.05 (red), 4.71(blue), 5.19 (green) and 5.45
(black) at 200 mVs1.
Study of redox behavior of Cd(II) and interaction of Cd(II) 1493.4. Supporting electrolyte effect
The cyclic voltammograms of CdCl2 in three different electro-
lytes namely 0.1 M KCl, 0.1 M NaClO4 and acetate buffer of
pH 4.05 are compared in Fig. 8. The nature of CV in KCl
and NaClO4 are more or less comparable. In case of acetate
buffer, peak current is minimum and the position of the peaks
is shifted markedly with respect to the others. In acetate buffer
the redox process may be easier.3.5. Concentration effect
The cyclic voltammograms of CdCl2 of various concentrations
(1, 2 and 3 mM) in 0.1 M KCl at 250 mV s1 are shown in
Fig. 9. The variation of anodic peak current against concentra-
tion for CdCl2 is shown in Fig. 10. With the increase in concen-
tration there is a gradual linear increase in peak current, which
pH
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Figure 17 Variation of anodic peak current with pH in
interaction of CdCl2 with proline in acetate buffer.
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Figure 18 CVs of 1 mM CdCl2 in presence of 1 mM proline in
0.1 M KCl (red), 0.1 M NaClO4 (blue) and in acetate buffer of pH
4.05 (green) at 250 mVs1.
Table 3 Current-potential data, Tafel slope, b, diffusion coefﬁcient,
proline interaction on GCE.
Sample ID Scan rate,
m (V s1)
Cathc peak
potenl,
Epc() (V)
C
c
ip
Cd(II) in KCl (m)1 = 0.100 0.8209 0
(m)2 = 0.200 0.8162 0
Cd(II)-proline in KCl (m)1 = 0.100 0.7355 0
(m)2 = 0.200 0.8020 0
Cd(II) in NaClO4 (m)1 = 0.100 0.7355 0
(m)2 = 0.200 0.7497 0
Cd(II)-proline in NaClO4 (m)1 = 0.100 0.7165 0
(m)2 = 0.200 0.7592 0
Cd(II) in acetate buﬀer pH 4.05 (m)1 = 0.100 0.8209 0
(m)2 = 0.200 0.9112 0
Cd(II)-Proline in acetate buﬀer of pH 4.05 (m)1 = 0.100 1.1960 0
(m)2 = 0.200 1.1480 0
T= 298 K, n= no of electron transferred = 2, R= 8.314 JK1 mol
Conc. = 1 mM.
150 Md. Mahmudul Hasan et al.may be due to the presence of a large amount of electro active
species at higher concentration (Christian, 2004). The peak
current increases with concentration also give the idea that
the system may be diffusion controlled (Bard and Faulkner,
1980; Brett and Oliveira Brett, 1998).
3.6. Redox behavior of Cd(II) in presence of proline in 0.1 M
KCl
The redox behavior of Cd(II) in presence of proline was stud-
ied in 0.1 M KCl at room temperature within the same poten-
tial window (200 to 1500 mV) and same electrode that was
used for free Cd(II).
The voltammogram in Fig. 11 demonstrate that both the
cathodic and anodic peak position of the voltammogram of
1 mM CdCl2 in the presence of 1 mM proline moves toward
left with respect to those of 1 mM CdCl2, moreover the inten-
sity of the peak has been modiﬁed. This behavior conﬁrms the
interaction between Cd(II) and proline. In the CV of metal–li-
gand interaction, there is a cathodic peak at potentials 806.7
and anodic peak at 502.8 mV.
3.7. Scan rate effect
A series of cyclic voltammogram of 1 mM CdCl2 in the pres-
ence of 1 mM proline in 0.1 M KCl at different scan rates
are shown in Fig. 12. The parameters obtain from the ﬁgure
are listed in Table 2. The pattern is almost similar to that of
the uncoordinated Cd(II). The cathodic peaks shift toward
negative potential and that of anodic toward positive potential
as the scan rate increased. A plot of DEp vs. scan rate shown in
Fig. 13 reveals that with increasing scan rate, the peak poten-
tial separation increases. This may be due to slow electron
transfer kinetics or ohmic potential (iR) drop (Zhang, 1972;
Shaikh et al., 2006).
The peak current for both cathodic and anodic peaks in-
creases almost linearly with SQRT of scan rate (Fig. 14), which
demonstrates that the process is adsorptive controlled. The
dependence of the peak currents on scan rates is also indicativeD and the charge-transfer rate constant, kf, for M(II) and M(II)-
athc peak
urrent,
c (mA)
Tafel slope,
b= 2.303
RT/a Na F
Diﬀn coeﬀ.,
D · 1011
(cm2 s1)
log kf Charge
transfer
rate const., kf (·106)
.0334
.0500 0.0359634 0.758959 5.12329 7.528527
.0182 0.5088434 3.188537 5.38691 4.102825
.0200
.0434
.0531 0.1086555 3.871648 5.00956 9.782143
.0227 0.3267309 3.184979 5.29098 5.117054
.0255
.0257
.0300 0.6909553 8.633381 5.23708 5.793193
.0209 0.3672852 3.035014 5.32685 4.711368
.0154
1, F= 96,500 C, A= surface area of the electrode = 0.05 cm2.
Study of redox behavior of Cd(II) and interaction of Cd(II) 151of the combination of diffusion and surface control of the
redox system, where the peak currents for desorbed and ad-
sorbed species are proportional to m1/2 and m, respectively
(Bard and Faulkner, 1980; Shaikh et al., 2006).
A plot of log i vs. log m (Fig. 15) is linear indicating that the
process is diffusion controlled (Shaikh et al., 2006; Mascus
et al., 1996; Nicolson and Shain, 1964). The peak current is
controlled by both charge transfer and mass transport (Wang,
2000). The peak current ratio is found to be much greater than
unity, which implies the system to be quasireversible (Bard and
Faulkner, 1980; Brett and Oliveira Brett, 1998).
3.8. pH effect
The CVs of Cd(II) in the presence of proline in acetate buffer
of pH 4.05, 4.71, 5.19 and 5.45 at 200 mV s1 are shown in
Fig. 16 and the variation of anodic peak current against pH
is shown in Fig. 17. From the ﬁgure it is seen that at pH range
4.71–5.45 the redox behavior is almost the same, at pH 4.05
peak current is minimum and the position of the peak is shifted
to left with respect to the others which is similar to that for
uncoordinated Cd(II).
3.9. Supporting electrolyte effect
The cyclic voltammograms of Cd(II) in the presence of proline
in three different electrolytes namely 0.1 M KCl, 0.1 M
NaClO4, and acetate buffer of pH 4.05 are shown in Fig. 18.
In all these media the redox process of the Cd-complex are
of similar nature, but the extent of interactions are different.
From the peak current and the peak position it can be said that
in acetate buffer of pH 4.05 the redox process may be easier
than in the other two electrolytes.
3.10. Charge transfer rate constant
To calculate the heterogeneous charge transfer rate constant,
kf the current-potential data obtained from the cyclic voltam-
mograms of free Cd(II) and Cd(II)-proline system in 0.1 M
KCl at 100 and 200 mV s1 have been used. The current-po-
tential data, Tafel slope, diffusion coefﬁcient and charge trans-
fer rate constants at room temperature for these
voltammograms are listed in Table 3. The heterogeneous
charge transfer rate constant, kf for free Cd(II) system is great-
er than that in the metal-proline system at 298 K temperature
which suggest that the complexation of Cd(II) with proline re-
duces the charge transfer velocity.4. Conclusion
The redox behaviors of Cd(II) in absence and presence of pro-
line have been studied in KCl, NaClO4 solution and in acetate
buffer. In all cases the redox processes of Cd(II)/Cd(0) system
is diffusion controlled and/or adsorptive controlled. Moreover,
the values of peak current ratio and peak potential separation
strongly support that the electron transfer processes are quasi-
reversible. The heterogeneous charge transfer rate constant, kf
for Cd(II) in the presence of proline is less than that in the ab-
sence of the ligand which conﬁrms the interaction between me-
tal ion and ligand in all the electrolytic systems. The order of kf
value for Cd(II) in presence of proline follow the order: kf (Na-
ClO4) > kf (acetate buffer of pH 4.05) > kf (KCl).
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